INTRODUCTION Cardiovascular (CV) disease remains a major cause of morbidity and mortality in the UK. Between 9% and 11% of adults in the UK have existing CV disease, and more than 4 million people are at high risk of having CV Strengths and limitations of this study ▪ A polypill that reduces dosing complexity has been proposed as a way of improving adherence and outcomes in patients with existing cardiovascular (CV) disease, but clinical evidence from long-term trials confirming such benefit has not as yet been published. Also, the economic acceptability and the public health potential of such a polypill have not as yet been evaluated for the UK. ▪ The modelling approach employed here suggests in the base case that use of a fixed-dose combination polypill that improves adherence by 20% over multiple monotherapy in patients with myocardial infarction (MI) could prevent 47.3 fatal and non-fatal CV events per 1000 population over a 10-year period and is likely to be cost-effective at acceptable willingness-to-pay levels in the UK. ▪ For each 10% improvement in the proportion of adherent patients, an additional 6.7% of fatal and non-fatal CV events could be prevented. Also, assuming a 10% uptake of the polypill that improves adherence by 20% among patients with MI in the UK, 3260 CV events and 590 CV deaths could be prevented over a decade. ▪ Models are reductionist in nature and simplify the actual clinical decision-making and biological mechanisms of treatment. In particular, the study does not consider either individualisation of therapeutic dosing adjustments or treatment switching due to adverse events. Therefore, results should be interpreted in the context of patients for whom the polypill is suitable as a replacement for multiple monotherapy and well tolerated, and in the absence of other preventive interventions.
events. 1 2 The trend of increasing age and obesity in the UK is likely to exacerbate the problem over the next 20 years. 3 The acknowledged efficacy of secondary preventive medication is reflected in clinical guidelines from the National Institute for Health and Care Excellence (NICE), which recommend that all patients who have had a myocardial infarction (MI) should be offered an ACEI, dual antiplatelet therapy, a statin and a β-blocker. 4 Patients who consistently take this combination therapy have significantly reduced risks of subsequent MI, strokes and transient ischaemic attacks (TIAs) and death, compared with those who take only one or two of these drugs. 5 Although the use of effective secondary preventive medication is increasing, there is still a substantial unmet need in the UK population. For instance, fewer than two-thirds of patients with coronary heart disease (CHD), and a third of those with a stroke or TIA were receiving triple preventive therapy in 2005, 6 7 and hypertension and hypercholesterolaemia remain inadequately controlled. 8 9 Not only is prescribing inadequate, but adherence to secondary preventive therapy is also low and declines over time. 10 11 The clinical impact of this poor adherence is substantial. A statistically significant increase in the risk of all-cause mortality, recurrent MI, stroke or TIA and readmissions for recurrent CV events has been demonstrated for those with poor adherence compared with those who take more than 80% of the prescribed medication. [10] [11] [12] [13] [14] [15] Effective strategies to improve clinical outcomes should be evaluated in a longterm horizon and, where cost-effectiveness is demonstrated, adopted without further delay.
Adherence to medication is affected by various factors including the complexity of the treatment regimen, socioeconomic status, lifestyle and psychological influences. 16 With regard to the factors that can be modified to improve adherence, the European Society of Cardiology states that 'reducing dosage demands is the most effective single approach'. 17 Reducing dosing complexity can be achieved by the use of a fixed-dose combination polypill that contains the recommended treatments in a single daily capsule. This approach has been suggested as a way of improving adherence and reducing costs to the patient. [18] [19] [20] [21] [22] For this purpose, various polypills have been suggested, from the combination of aspirin, a thiazide, a β-blocker, an ACEI, a statin and folic acid, originally suggested by Wald and Law in 2003 for primary prevention, to a simpler and more evidencebased formulation containing an aspirin, a statin and an ACEI for the secondary prevention of CV events, which was developed in Spain by a private-public partnership between the Centro Nacional de Investigaciones Cardiovasculares (CNIC) and Ferrer Internacional. 20 This latter polypill includes 100 mg aspirin, 20 mg atorvastatin, and 2.5, 5 or 10 mg ramipril.
To date, no findings from large randomised controlled trials (RCTs) comparing the efficacy of a polypill with multiple monotherapy in reducing long-term CV events have been published. We have therefore developed a model, informed by a series of systematic literature reviews, to explore the likely public health and economic benefits of the polypill of 100 mg aspirin, 20 mg atorvastatin, and 2.5, 5 or 10 mg ramipril, prescribed in a general practice setting for the secondary prevention of CV events in adults in the UK with a history of MI, compared with its individual components given concomitantly at equivalent doses. The model predicts the number of secondary CV events that are preventable, as well as the incremental costs and benefits in terms of quality of life in a cohort of patients taking the polypill.
METHODS

Economic model design
A Markov model with a 3-month cycle length was developed in Microsoft Excel (2007) to predict the CV outcomes, costs and benefits to estimate the incremental cost-effectiveness ratios (ICERs) per life-year (LY) gained and per quality-adjusted life year (QALYs) gained from the start of treatment until the analytic time horizon (10 years) or death. The analysis adopted the perspective of the National Health Service (NHS) and the Personal Social Services of the UK. 23a The population included in the model was intended to match closely the characteristics of patients in whom secondary prevention with aspirin, atorvastatin and ramipril is indicated and well tolerated. The population had a mean age of 64.7 years and was 72% male, with a recent or non-recent diagnosis of acute MI. 22 The model allowed the patients to have one of five CV events: non-fatal acute coronary syndrome events (ACS, combining recurrent MI or unstable angina); non-fatal stroke; non-fatal congestive heart failure (CHF) requiring hospitalisation; unplanned revascularisation procedures; or CV death. In addition, patients could experience non-CV-attributable death. The model diagram is given in figure 1 . Key model equations determined the rates at which CV events occur as a function of baseline risks, adherence to the polypill, aspirin, statin and ACEI and relative risk reductions (RRR) of each of the three medications specific to each CV event type for adherent and nonadherent patients (see online supplementary appendix 1 for detailed assumptions, additional model description and equations). The five CV event outcomes were undiscounted to allow for a more natural interpretation of the result in the public health context, while outcomes for costs, LYs, QALYs and ICERs were discounted in the base case at 3.5%, in line with the NICE reference case. 23 
Input data
All data required to inform the model structure and parameters were based on the findings of a series of systematic reviews of studies reporting on the efficacy of aspirin, ACEI and statins as secondary prevention in patients with existing CV disease; the costs, resource use and utility values associated with existing CV disease, and secondary prevention; adherence to secondary prevention regimens; and existing economic models of secondary prevention therapies. We ran systematic searches in PUBMED, EMBASE, the NHS Economic Evaluation Database (NHSEED) and the Cochrane Library for relevant studies published in English between January 2003 and July 2013, and screened these using predefined inclusion criteria. (Online supplementary appendices 2 and 3 describe the search strategy and inclusion/exclusion criteria for the literature review, respectively.) This identified 1835 unique publications for the efficacy review and 4418 unique publications for the other topics. Of these, 56 papers were retrieved for the efficacy review, of which 29 were included in the review, and 287 papers were retrieved for the other topics, of which 192 were included in the review. (Online supplementary appendix 4 shows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram of the flow of literature in the review.) We also made a call for evidence within Ferrer and CNIC, which identified an additional 10 publications. Abstracts of efficacy studies were screened independently by two researchers and differences in screening decisions were reconciled by discussion with a third researcher. For the other topics, potentially relevant primary studies were identified by one researcher. Full-text versions of all shortlisted studies were checked for relevance by two researchers, with guidance from medical experts.
Efficacy
The systematic approach permitted estimation of the efficacy of aspirin, statins and ACEI for the five clinical outcomes to be derived from existing meta-analyses. This confirmed the reduction in CV events with ACEI, aspirin and statins, with relative risk reductions generally between 0.6 and 0.8. No study in our search had evaluated clinical outcomes associated with a polypill, and we therefore assumed that the relative risk reductions were similar for multiple monotherapy and a polypill. (See online supplementary appendix 1: table 1 for details of further assumptions used in the model).
Adherence
Most studies reporting adherence used a cut-off of taking 80% or more of prescribed doses in their definition of good adherence, thereby dichotomising patients as adherent or not. Overall adherence to multiple monotherapy regimens as a free combination was approximately 50-60% after the first year, and poor adherence to any or all the monocomponent drugs was associated with worse clinical outcomes. There was considerable variability across studies in adherence rates and population characteristics, so base-case inputs for the model on drug adherence were based on the Figure 1 Markov model of secondary prevention of cardiovascular events in patients surviving a first myocardial infarction. ACS, acute coronary syndrome; CHF, congestive heart failure; CV, cardiovascular; ICER, incremental cost-effectiveness ratio; MI, myocardial infarction. UMPIRE study, 24 in which 86% of patients were adherent to the polypill compared with 65% who were adherent to all three drugs as multiple monotherapy at a median follow-up of 15 months. The adherent proportion was modelled according to an initial maximum value, which declined over 15 months to reach a fixed, constant value thereafter. Importantly, adherence in the monocomponents arm followed the same basic equation as the polypill arm but with different parameter values. Hence, all patients were assumed to be adherent to all three drugs. Adherence assumptions were explored in extensive sensitivity analyses.
Costs, event rates and utilities
In line with the chosen perspective, costs and management of CV events were obtained from NHS reference costs. The British National Formulary (BNF) provided the costs of the drugs. The cost year was 2014. CV event rates, utilities and other costs were informed by selected published clinical trials, previous economic models or registry studies. Base-case clinical and economic parameter values and their sources are shown in table 1.
Model assumptions
All structural and data assumptions that were made are presented in online supplementary appendix 1. Two observers reviewed the structure, assumptions of the model and data sources that informed the model parameters. The main structural assumptions included the following: the model risk equations for CV events assumed that baseline risks and efficacy among adherent patients were equal for the polypill and its monocomponents in terms of health benefits, and that differences in outcomes are generated exclusively by differences in adherence; patients were assumed to be either adherent or not; and the benefit of medication was multiplicative (ie, RRRs of individual drugs were multiplied together for adherent patients). Also, the model does not take account of adverse effects of medication or individualisation of therapy that allows for dose adjustments or medication switches, because it assumes that the patients being prescribed specific monocomponents or a polypill are receiving a suitable and tolerated secondary preventative therapy.
Base-case and sensitivity analyses Public health outcomes presented as CV events prevented per 1000 patients were determined for the base-case. In addition, the total percentage of CV outcomes preventable per 1000 patients was calculated as a function of the different relative improvements in adherence with the polypill compared to the monocomponents. The base-case analysis also compared costs and QALYs to determine the incremental cost per QALY gained (table 2) . Given the uncertainty from the literature on the persistence of medication adherence, 10 years was chosen as the base-case time horizon, to correspond with a plausible duration of ACS, acute coronary syndrome; ATC, Antithrombotic Trialists Collaboration; CHD, congestive heart disease; CHF, congestive heart failure; CV, cardiovascular; FDA, United States Food and Drug Administration; GBP, British Pound; HOPE, Heart Outcomes Prevention Evaluation; NHS, National Health Service.
improved adherence. To identify model drivers and examine key areas of uncertainty within the model, one-way deterministic sensitivity analyses were conducted for all major model variables. To account for multivariate and stochastic uncertainty in the model, a probabilistic sensitivity analysis (PSA) was performed with 10 000 simulations. Multiple scenario analyses were performed to study the effects of the following variations in structural and cost assumptions: ▸ Patients in the monocomponents arm may be adherent to three, two, one or no drugs, unlike the polypill arm where patients are adherent to three or no drugs; ▸ The time horizon for the model is a lifetime, recognising the lifelong nature of CV disease and management costs; ▸ Patients in the monocomponents arm who are not adherent do not incur costs of unused medication; ▸ Adherence continues to decline indefinitely at the same rate as observed during the first 15 months, in the polypill and monocomponent arms; ▸ Polypill adherence is assumed to wane until equalling the long-term adherence of the monocomponent arm which is constant from 15 months; ▸ Adherence to the polypill exceeds that to monocomponents by between 15 and 25 percentage points; ▸ As an alternative to UMPIRE, adherence data from Kanyini GAP 25 (reporting 73.8% adherence in the polypill arm compared with 49.1% taking monocomponents at 12 months) are used; ▸ The unit cost of polypill is varied, first between £9 and £12 per month, and second, the cost of the polypill is changed to be equal to (£4.32 per month) or double (£8.63 per month) the cost of the individual components. This economic evaluation was conducted in accordance with the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) Statement. 26 
RESULTS
Public health outcomes
It is predicted in the base case that a total of 323 and 276 fatal and non-fatal CV events will occur per 1000 patients in the monocomponents and polypill arms, respectively, such that a total of 47.3 (14.6%) CV events (comprising 14.2 ACS events, 16.3 unplanned revascularisations, 1.5 congestive heart failures requiring hospitalisation, 5.7 strokes and 9.6 CV deaths) can be prevented over a period of 10 years by using the polypill in place of its monocomponents taken as multiple monotherapy. The absolute number of CV events in, and the difference between, the intervention groups are given in table 2.
More generally, each 10% absolute increase in adherence over the monocomponents (eg, an increase 65% to 75%) would prevent an additional 6.7% of CV events in 10 years, as shown in figure 2.
Economic outcomes Base case
The total discounted incremental LYs gained in the polypill arm compared to monocomponents per 1000 patient populations over the 10-year time horizon was 30.88, and the total incremental QALYs gained were found to be 29.54. The total discounted costs for the polypill were £3 994 800 compared with £3 752 500 in the monocomponents arm. The corresponding incremental cost of £242 300 consisted of £463 500 in drug costs that were offset by savings of £130 700 and £90 500 due to reduced CV events and patient management. The ICER was £8200 per QALY gained.
Sensitivity analyses
One-way sensitivity analyses showed incremental costs to be most sensitive to polypill adherence, discount rate and revascularisation costs, while incremental QALYs and ICERs were most sensitive to utility values of patients on secondary prevention and patients having had a second MI. Probabilistic analyses for the base-case assumptions showed that the chances of the polypill being costeffective were 81.5% and 84.8% at willingness-to-pay thresholds of £20 000 and £30 000 per QALY gained, respectively. Further results for the probabilistic sensitivity analysis, including tornado and scatter plots, are given in online supplementary appendix 5. Under alternative scenarios, ICERs were £21 400 when adherence to none, one, two or three of the drugs was allowed in the monocomponents arm; £5300 when the time horizon was a lifetime; £8300 when non-adherent patients did not incur full medication costs; £1000 when adherence in both arms declined indefinitely; £15 200 when polypill adherence waned after 15 months until equalling monocomponent adherence; and £6000 when assuming adherence results from the Kanyini GAP study (table 3) . When varying the long-term adherence of the polypill to between 15 and 25 percentage points higher than with the monocomponents, the ICER ranged between £15 100 and £5900 per QALY. When the polypill unit cost ranged between £9 and £12 per month supply, the ICER ranged between £4900 and £12 700 per QALY (see online supplementary appendices for figures). The ICER was £3700 when the polypill price was double that of the monocomponents. The polypill was the dominant strategy when its price was equal to that of the monocomponents, providing greater benefits at a lower overall cost.
DISCUSSION
We developed an economic model to investigate the public health benefit and cost-effectiveness that could be expected from the improved adherence achieved with a three-in-one polypill compared with multiple monotherapy for secondary prevention of cardiovascular disease. Based on inputs derived from systematic literature reviews, the model has shown that 47 CV events and 10 CV deaths could be prevented in the UK with the polypill compared with multiple monotherapy per 1000 patients over 10 years, at an ICER of £8200 per QALY gained. In the context of persistent inadequate prescribing despite robust evidence-based guidelines, and poor adherence in those receiving multiple monotherapy, our data suggest that the polypill offers a cost-effective approach to improving outcomes for a substantial proportion of the UK population.
In considering our results, it is important to note that multiple patient-related factors affect adherence to medication, and while many of these (such as age, gender, ethnicity and previous medication compliance history) cannot be changed, others, such as disease knowledge, social support and tobacco and alcohol consumption, can be altered over time. Crucially, there is also evidence that medication complexity has an adverse effect on adherence in chronic disease, 27 28 such that products requiring a simpler regimen are likely to be associated with greater patient adherence than are more complicated regimens. Moreover, it is plausible (although unproven) that the simplified prescribing offered by a polypill could also help to improve current suboptimal adherence to prescribing guidelines among healthcare providers, which may occur, for example, due to physicians' beliefs that dosing schedules associated with multiple monotherapy are overcomplicated.
There are, however, various limitations in simplifying such a complex clinical pathway, including data uncertainties, within a model as we have done. These include the assumption that adherence rates for each of the monotherapy components will be consistently either good or poor in any one individual and that there is no clinical benefit with individual medication adherence rates below 80%. In practice, adherence may vary by drug in any one individual and there is likely to be a continuous reduction in efficacy with falling adherence. However, the cost-effectiveness of the polypill was £21 400 per QALY in sensitivity analyses that allowed a proportion of patients in the monocomponents arm to be adherent to just one or two monocomponents. We took baseline CV disease risk from that reported in clinical trials, which may underestimate true CV event rates, but this assumption is conservative since higher rates would make the polypill more cost-effective. We assumed relative-risk reductions to be constant over time and, in the absence of data, we assumed no benefit for aspirin in reducing CHF with hospitalisation. It is important to note, however, that the inputs and effect sizes used in our model compare well with those used previously by Gaziano et al. 29 We also made assumptions about resource use for monitoring patients receiving secondary prevention, which were supported by recommendations from NICE and the Quality and Outcomes Framework, as well as expert opinion. 4 Of significance, the polypill modelled prices for the combination therapy of aspirin, atorvastatin and ramipril, which are widely used in the UK for secondary prevention, although simvastatin is a more widely prescribed statin overall. 30 As atorvastatin becomes more widely available as a generic drug in the UK, any cost differences and related variation in cost-effectiveness from the use of different statins will be minimised. Importantly, we used adherence data from the UMPIRE trial, 24 which assessed a four-in-one polypill, rather than the three-in-one polypill used in our model. Although adherence to the polypill should be similar, adherence to four monocomponents may be lower than adherence to three, so our model may have overestimated the difference in adherence in the two groups. However, we assumed that all patients would also be taking β-blockers and second antiplatelets as appropriate, so the effects of these were assumed to cancel out when the two groups were compared. This exclusion may have had only a slight impact on our conclusions, given that inclusion of a β-blocker monocomponent taken concomitantly with the polypill or the other three monocomponents with the same adherence in both arms will not produce additional cost differences and may produce only marginal advantages in effectiveness compared with a tripletherapy regimen. The EURO-ASPIRE III study found that patients with a previous MI, seen in routine clinical practice, do not achieve targets as set by established guidelines. 31 These include therapeutic, lifestyle and risk factors. Our model, however, only captured the benefits associated with therapeutic compliance and adherence because we assumed that effects on lifestyle changes would be similar in both treatment groups. Accordingly, we did not estimate the incremental effects of attaining additional modifiable lifestyle and risk factor goals in the patients we evaluated. We also did not consider individualisation of therapeutic dosing adjustments or treatment switching due to adverse events. The results of the analysis should, therefore, be interpreted in the context of patients for whom the polypill is suitable as a replacement therapy versus the monocomponents and well tolerated, in the absence of other preventive interventions.
Although a number of other economic models for secondary prevention have been developed, many of these assessed effectiveness of individual drugs or combinations of drugs compared with no therapy or with different doses or therapeutic combinations, implying different clinical efficacies between interventions. 29 32-36 Our analysis differs from others in assuming that the therapies are identical in terms of clinical efficacy among adherent patients, but allowing adherence rates to determine differences in CV events and economic outcomes. Our model was consistent with previous ones in terms of time horizon, which ranged from 2 years to a lifetime, with 7 of the 15 models using a lifetime horizon and another 4 using a 10-year horizon. However, we also conducted a lifetime analysis in a sensitivity analysis to reflect the lifelong nature of CV disease and treatment. Our model structure was generally consistent with other models since health states usually included stable disease, recurrent CV events and death. Under the base-case and sensitivity analyses, which varied costs of treatment, the efficacy of interventions, adherence, utility and population characteristics, secondary prevention with the polypill in adult patients with a recent or non-recent diagnosis of MI and eligible for secondary prevention with aspirin, statins and ACEI is a cost-effective strategy at acceptable willingness-to-pay thresholds in the UK, given that ICERs were below or near the £20 000 per QALY threshold.
The public health benefit suggested by our model depends on an assumed marked increase in adherence to secondary prevention therapy through use of the polypill, based on the UMPIRE study, which demonstrated that a 20% increase in adherence is possible. Our assumption about increased adherence is also in line with the very recent results from the IMPACT trial, part of the 'Single Pill Against Cardiovascular Events (SPACE)' collaboration, which demonstrated a significant difference in adherence in patients taking a four-in-one polypill (81%) versus the usual care group (46%), at 12 months. 37 Our model estimates that for each 10% increase in adherence, an additional 6.7% fatal and non-fatal CV events can be prevented. The potential of this result for the eligible UK population is striking: specifically, 3260 CV events and 590 deaths could be prevented in the next decade. This is based on a modified version of our model that assumes that the prevalence of MI survivors aged 25 years and older is 1.4% (as inferred from the British Heart Foundation data); 38 the incidence of MI is 0.112% (as derived from Smolina); 39 there are 45 271 000 in this age group among the UK population; 40 and that 10% of eligible patients switch from monotherapy to the polypill and achieve a 20% improvement in adherence. If uptake of the polypill is more than 10% in those eligible or patients at high risk of a first MI also receive the polypill, the public health benefit would be even greater.
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